This paper presents a method for optimizing the efficiency of a surface permanent magnet (SPM) motor taking into account the carrier harmonics based on magnetic and electric networks. The eddy current loss in the magnets of the SPM motor, including carrier harmonics, is calculated with an electric network model. Then, an efficiency map of the SPM is created by using the proposed electric and magnetic network models to evaluate the motor efficiency. Finally, the efficiency of the SPM motor is optimized by changing the stator structure.
Introduction
Nowadays, permanent magnet (PM) motors are widely used in various applications for their high performance characteristics. It has become more important for loss analysis of PM motors taking into account the carrier harmonics since they are driven by a PWM inverter with high frequency switching (1) (2) . However, estimating motor efficiency considering carrier harmonics and eddy current loss in the PMs is computationally expensive.
The most conventional optimum design for PM motors is shape optimization by finite element analysis (FEA). However, to calculate the eddy current loss in magnets, threedimensional (3D) FEA should be used and it takes much time to obtain the calculation results in general. Therefore, more practical solution for the PM motor analysis in reasonable time with high accuracy is strongly required.
Reluctance network analysis (RNA) can be useful for saving calculation time to estimate characteristics of PM motors. It can be taken into account the magnetic saturation and the rotor motion (3) - (8) . In previous papers, we have proposed a method for calculating characteristics of PM motors based on RNA (3) - (5) . The proposed RNA model of the PM motor can be coupled with the motor drive circuit and mechanical system. Using the proposed model, iron loss in the stator core of the PM motor was calculated accurately (4) . In addition, eddy current loss in permanent magnets of a surface permanent magnet (SPM) motor can be calculated by coupling with a) Correspondence to: Yukihiro Yoshida. E-mail: yoshida@gipc. akita-u.ac.jp * Department of Electrical and Electronic Engineering, Akita University 1-1, Tegata Gakuen-machi, Akita 010-5802, Japan * * Department of Electrical Engineering, Tohoku University 6-6-05, Aoba, Aramaki, Aoba-ku, Sendai 980-8579, Japan * * * Department of Cooperative Major in Life Cycle Design Engineering, Akita University 1-1, Tegata Gakuen-machi, Akita 010-5802, Japan an electric network model of the magnet (9) . In the study, losses of SPM motor including carrier frequency are estimated based on reluctance and electric networks. To verify the accuracy of proposed models, the calculation results are compared with calculated values obtained from FEA. And an efficiency map of the SPM is created by using proposed models to evaluate the motor efficiency. Finally, the efficiency of the SPM motor is optimized by changing the stator structure. Figure 2 illustrates a part of RNA model. Each element in air gap is divided in one degree intervals in the circumferential direction and the magnets are divided into three in the radial direction. The stator tooth tip is divided into three regions and the reluctances in these regions are directly connected with the air gap reluctances as shown in the figure. Figure 3 shows an explanation of derivation of an electric network model for calculating eddy current loss in a piece of magnet. The magnet is divided into multiple elements as shown in Fig. 3(a) . Then, the electric network is expressed by resistances and electromotive forces as shown in Fig. 3(b) . Figure 4 is one pole of the magnet of the SPM motor and its division. The magnet is divided into three in the radial direction, 36 in the circumferential direction, four in the axial direction, respectively.
Analysis Model of SPM Motor
Coupling between magnetic network of the SPM motor and electric network of the magnet, iron loss and eddy current loss in the magnet can be calculated at the same time.
Carrier Frequency Dependence of Losses
To take into account the carrier harmonics, input current waveforms are calculated by a motor drive circuit shown in Fig. 5 . In the figure, the winding resistances, inductances, induced voltage by the magnets and phase current are Figure 6 shows the voltage waveforms of the PWM inverter. In Fig. 6(a) , v tri is carrier wave and v Ur ,v Vr , v Wr are modulating waves of each phase. Comparing the carrier wave and modulating waves, the switching patterns of the transistor are determined. Since ideal power devices are used in the circuit, the terminal voltage waveforms of the inverter v U0 , v V0 and the line voltage between terminals U and V v UV0 = v U0 − v V0 are calculated as shown in Fig. 6(a) , (b) and (c), respectively. Figure 7 shows the comparison of the line voltage v UV waveforms calculated by the motor drive circuit when the carrier frequency is 2.5 kHz and 10 kHz. Figure 8 shows the comparison of phase current waveforms when the carrier frequency is 2.5 kHz and 10 kHz. The current amplitude of fundamental wave is 5 A at both carrier frequency conditions. Comparing the phase current waveforms of these two different carrier frequencies, the phase current waveform at a carrier frequency of 2.5 kHz is distorted while the waveform at a carrier frequency of 10 kHz are more close to sinusoidal wave.
To investigate the influence of the carrier harmonics, the eddy current loss in the magnets and iron loss in the stator core corresponding to various carrier frequencies are calculated by using the proposed method. Figure 9 (a) provides the carrier frequency versus iron loss in the stator core at an Figure 9 (b) provides the carrier frequency versus eddy current loss in the magnets at the same current condition. In the figures, the calculated value of 0 kHz is obtained when the input current is ideal sinusoidal wave. The calculated values obtained from the proposed models almost agree well with the ones obtained from 3D-FEA. The iron loss has less influence from the input current waveforms, since the flux flowing through the stator core is principally produced by the magnets. However, the iron loss is increased by at least 1.4 times comparing with the one without carrier frequency. As for the eddy current loss in the magnets, it is increased by 3 times when the carrier frequency is 10 kHz. These results tell that it is important to estimate the losses in the SPM motor considering the carrier harmonics.
Efficiency Optimization of the SPM Motor
It is useful to evaluate a motor efficiency map for designing the motor since the motor efficiency is changed in accordance with the change of rotor speed and load. In this section, an efficiency map of the SPM motor is obtained by using proposed models. Then, the efficiency of the SPM motor is optimized by changing the structure of stator.
Efficiency of the SPM Motor
To minimize the loss of the SPM motor at an operating point (rotor speed and torque), the motor should be driven by a suitable current condition. Figure 9 shows torque distribution maps when the input current amplitude and current phase angle β are changed by 0 to 10 A and 0 to 90 degrees, respectively. Figure 10(a) is a torque distribution map capable of outputting at the rotor speed of 1000 rpm and Fig. 10(b) is the one at the rotor speed of 3000 rpm. High torque region at 3000 rpm cannot be performed because the induced voltage exceeds the source voltage and the motor is uncontrollable. As shown in the figure, various input current conditions can be chosen for driving the motor at an operating point. The processing for minimizing the motor loss with a suitable condition is described below.
Figure 11(a) shows the relationship between the current phase angle β and losses of the SPM motor when the rotor speed and output torque are 1000 rpm and 1.0 N·m, respectively. The loss becomes minimum at the current phase angle of 0 degrees whose current amplitude is minimum since the copper loss is dominant at this operating point. Figure 11 (b) shows the relationship between the current phase angle β and losses of the motor when the rotor speed and output torque are 3000 rpm and 1.0 N·m, respectively. To minimize the total loss of the motor, iron loss is needed to reduce by increasing current phase angle β. Thus, the total loss can be minimized at the current phase angle β of 10 degrees at this operating point. Figure 12 describes an efficiency map of the SPM motor and breakdown of the losses at representative points. In the efficiency map, all operating points are driven with minimum loss by the above-mentioned method. The maximum efficiency is 92.3% when the rotor speed and output torque are 3000 rpm and 1.0 N·m, respectively. In Fig. 12(b) , copper loss is dominant at the operating point of A, C and E. Particularly at E, copper loss increases since much field weakening current is required to decrease the induced voltage.
Efficiency Optimization of the SPM Motor by Changing the Stator Structure
The SPM motor has much copper loss in the high torque and high speed regions. To improve the motor efficiency, the motor efficiency is optimized as the total loss of representative points is minimized by changing the stator structure. Figure 13 illustrates original structure of the stator. Reducing the copper loss of the motor, it is effective to increase the cross-sectional area of the wire. It can also be effective that the number of winding turns is reduced to decrease induced voltage so that the field weakening current is reduced. Therefore, the stator tooth width W t , stator yoke width W y and number of winding turns shown in the figure are changed as the range in Table 1 . Because nonlinearity of the core is not taken into account in the proposed reluctance network model, the minimum values of W t and W y are determined by the maximum flux density in the core of 1.7 T. In all conditions, the winding space factor is 55% and input current is created using the electric circuit shown in Fig. 5 when the carrier frequency is 10 kHz. Figure 14 shows the calculated total loss of representative points. All conditions in Table 1 are plotted in the figure. The total loss is minimized when the stator tooth width W t , stator yoke width W y and number of winding turns are 4.8 mm, 2.5 mm and 27 turns, respectively. The total loss of representative points is decreased by 31% at that condition comparing with the original condition. The number of turns is effective to reduce the total loss because the field weakening current is reduced due to reduction of induced voltage as number of turns is decreased. stator. The cross-sectional area of slot is increased by 1.3 times. As the result, the winding resistance is reduced by 59 % due to increase in cross-sectional area of wire as shown in Fig. 15(b) . Figure 16 (a) shows the efficiency map of the optimized SPM motor. The maximum efficiency is 92.8% when the rotor speed and output torque are 5000 rpm and 2.0 N·m, respectively. Comparing with the efficiency map of the original structure, the point of maximum efficiency moves high speed region since the copper loss at operating point E is reduced by about one-fourth as shown in Fig. 16(b) . On the other hand, the iron loss in the stator core is increased since the flux density in the core is increased due to diminution of the core width.
Conclusion
This paper presents the efficiency optimization of an SPM motor taking into account the carrier harmonics based on reluctance and electric networks. To take account of the carrier harmonics caused by PWM switching, input current waveforms are calculated by a motor drive circuit. By using the input current waveforms with various carrier frequencies, the iron loss in the stator core and eddy current loss in the magnets are calculated. It is clarified that the eddy current loss in the magnet is more affected by the carrier harmonics.
The efficiency map of the SPM motor is made with minimum loss at each operating point. In high speed region, the copper loss increases since much field weakening current is required to decrease the induced voltage. Then, the motor efficiency is optimized by changing stator structure. Reducing the stator core width and number of winding turns, the total loss of representative points is decreased by 31% comparing with the one of original structure.
